C erebral palsy is a neurodevelopmental condition beginning in early childhood and persisting throughout life. Although impaired motor function is its hallmark, children with cerebral palsy have varying degrees of functional ability that has been classified according to the Gross Motor Function Classification System (GMFCS) 1 . This valid, 5-level ordinal grading system is clinically relevant for classifying and predicting motor function of children with cerebral palsy [2] [3] [4] . Non-ambulatory children with cerebral palsy (GMFCS level IV or V) represent the severe end of the spectrum, with global impairments in all developmental domains 4, 5 . Spastic hip dysplasia/instability is a common musculoskeletal deformity in children with cerebral palsy, second only to equinus deformity 6, 7 . The incidence is directly related to the Disclosure: This study was funded by a Boston Children's Hospital Department of Patient Services Research Grant. The funding agency had no role in the design or conduct of the study; collection, management, analysis, or interpretation of the data; preparation, review, or approval of the manuscript; or decision to submit the manuscript for publication. The Disclosure of Potential Conflicts of Interest forms are provided with the online version of the article. disease severity and thus higher in children with more severe cerebral palsy 8 . In population-based studies, 35% of children with cerebral palsy were found to be affected by spastic hip dysplasia 6 . Reimers' hip migration percentage, a radiographic metric to quantify hip displacement, measures the extent of hip instability 9 .
A hip with a migration percentage of ‡30% is "at risk" for subluxation 10 , and a hip with a migration percentage of ‡50% is at risk for dislocation 11 . The acetabular index, used to determine the depth of the acetabulum and orientation of the sourcil, quantifies the degree of acetabular dysplasia 12 . Hips at risk for subluxation/ dislocation with a migration percentage of >30% to 50% are often associated with a dysplastic acetabulum (acetabular index of >30°) with marked posterolateral deficiency 13 . Untreated spastic hip dysplasia can progress to hip subluxation or dislocation, which can become painful and negatively affect walking, standing, sitting, and quality of life 6, 14, 15 . Spastic dislocated hips often deteriorate in early adulthood, leading to painful degenerative arthritis 11, 16 . Surgical reconstruction of dysplastic hips in children with cerebral palsy has resulted in improvements in pain and mobility [17] [18] [19] [20] .
Health-related quality of life (HRQOL) is a patient-focused multidimensional concept incorporating physical, psychological, and social well-being 21, 22 . HRQOL metrics provide information on the effects of chronic conditions on a person's life and the appropriateness of interventions designed to ameliorate those effects 23 . Historically, research related to spastic hip dysplasia in children with cerebral palsy has focused on the classification and prevalence of hip disorders, natural history, surgical indications, surgical techniques, and surgical complications 7, 8, 11, 24 . Few studies have assessed the HRQOL of children with severe cerebral palsy with spastic dislocated hips 25 , and we are not aware of any published prospective study of the effect of reconstructive hip surgery on the HRQOL of such children.
The primary aims of this study were to (1) evaluate the relationship between the preoperative migration percentage and the child's preoperative HRQOL as measured by the Caregiver Priorities and Child Health Index of Life with Disabilities (CPCHILD) questionnaire, with the hypothesis that increases in the migration percentage would be associated with decreases in the CPCHILD scores, and (2) evaluate the relationship between the migration percentage and CPCHILD score following hip reconstructive surgery while adjusting for other clinical factors. The secondary aim was to examine the relationship at baseline (preoperatively) between the migration percentage and acetabular index.
Materials and Methods

I
nstitutional review board approval was obtained prior to the initiation of this prospective cohort study. Eligible participants were recruited from a multidisciplinary cerebral palsy clinic at an academic children's hospital between February 2011 and November 2013. Informed written consent was obtained from all caregivers. To be eligible for the study, a caregiver had to be fluent in English and tending, at home, a child with cerebral palsy (GMFCS level IVor V) who was between 3 and 25 years of age and scheduled for reconstructive hip surgery to correct severe spastic hip dysplasia.
The sample-size calculation was based on the primary hypothesis that there was a negative correlation between the preoperative migration percentage and preoperative CPCHILD total score. For a Pearson correlation analysis, a minimum of 37 subjects at baseline is needed to test for a correlation of >0.4 assuming a 5% significance level and 80% power.
The caregivers, who were enrolled at the child's preoperative visit, completed an informed consent form, a demographic worksheet, and the CPCHILD questionnaire. All patients underwent a femoral and/or pelvic osteotomy with or without soft-tissue releases by a board-certified orthopaedic surgeon specializing in the treatment of neuromuscular orthopaedic disorders. At 6 weeks and at 3, 6, 12, and 24 months postoperatively, the caregivers completed the CPCHILD questionnaire again and radiographic measurements were obtained. Revision procedure prior to study period
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The CPCHILD is a caregiver proxy disease-specific measure of the HRQOL of non-ambulatory children with severe cerebral palsy 23 . The measure consists of 37 items categorized into 6 domains: (1) activities of daily living (9 items); (2) positioning, transferring, and mobility (8 items); (3) comfort and emotions (9 items); (4) communication and social interaction (7 items); (5) health (3 items); and (6) overall quality of life (1 item). Items are rated on a 6-point ordinal scale. A "level of assistance" modifier based on a 4-point scale is included for activity items, and a 3-point "level of intensity" scale is included for symptom items. Scores are reported for each domain, and the total score ranges from 0 (worst) to 100 (best). CPCHILD is reliable and valid 23 and has demonstrated responsiveness to change following hip reconstructive surgery 26 .
One investigator reviewed standardized preoperative and postoperative anteroposterior hip and pelvic radiographs. Standardized metrics were used to describe hip dysplasia, and the migration percentage 10 and the acetabular index 12 were measured on all radiographs.
Descriptive statistics were used to examine characteristics of the cohort. Correlations among the migration percentage, acetabular index, and CPCHILD scores were analyzed using a Pearson correlation analysis immediately before and at 5 time points after surgery. Linear mixed models were used to analyze the change in CPCHILD score relative to the migration percentages and acetabular indices over time. Piecewise models were developed for the CPCHILD scores, given the effect of surgical correction on the migration percentage and acetabular index. On the basis of prior analysis, HRQOL outcomes were expected to decrease secondary to pain and surgical trauma and then improve gradually over the ensuing 6 to 12 weeks following surgery 26 . Thus, each model was composed of 3 sections: preoperatively to 6 weeks, 6 weeks to 3 months, and 3 months to 24 months. Correlation structures (unstructured or compound symmetry) for each model were chosen on the basis of model fit, determined using the likelihood ratio statistics as well as the Akaike information criterion and Bayesian information criterion. In general, a lower criterion was better, and for each outcome the models with both a lower Akaike information criterion and a lower Bayesian information criterion were selected.
Subgroup analyses were conducted to compare patients with a baseline migration percentage of <50% to patients with a baseline migration percentage of ‡50% and to compare acetabular indices between patients who had a pelvic osteotomy and those who did not. For patients with bilateral hip dysplasia, the more severely affected hip was used in the analysis since both hips from the same patient are not truly independent. Patient and hip characteristics were compared across index groups. Clinical factors with potential contributing effects, including GMFCS level, age, sex, and comorbidities, were also analyzed as fixed effects in multivariable linear mixed models for the CPCHILD score over time. 
Results
F
ifty-six patients and caregivers were assessed for eligibility. Fourteen did not meet the inclusion criteria, 3 were lost to follow-up, and 1 caregiver declined to participate because of difficulties coping with the demands of caring for the child. Thus, 38 caregivers and patients were analyzed. Patient and caregiver demographics are displayed in Table I . The average age (and standard deviation) of the patients was 10.1 ± 3.90 years, and the average age of the caregivers was 41.1 ± 7.97 years. Fourteen patients (37%) underwent only femoral osteotomy, 1 (3%) underwent only pelvic osteotomy, and 23 (61%) underwent combined femoral and pelvic osteotomies. Concomitant soft-tissue procedures were performed in 33 patients (87%) ( Table II) .
The overall cohort had a median preoperative migration percentage of 81.5% (interquartile range [IQR], 44.5% to 100%) and a median preoperative acetabular index of 23°(IQR, 15°to 30°). Twenty-seven subjects had a preoperative migration percentage of ‡50%, with a median of 100% (IQR, 78% to 100%), while 11 subjects had a preoperative migration percentage of <50%, with a median of 34% (IQR, 30% to 40%). No differences were identified between patient groups with respect to sex (p = 1.00), age (p = 0.23), or comorbidities (p = 0.07 to 1.00) (Table III) . Most (82%) of the patients with a migration percentage of <50% had GMFCS level-IV cerebral palsy, whereas most (67%) of those with a migration percentage of ‡50% had GMFCS level V (p = 0.01).
The migration percentage, acetabular index, and CPCHILD scores were examined before and after surgery. The migration percentage and acetabular index were moderately correlated preoperatively (r = 0.50; p = 0.02) but were much less so after surgery (r = 0.37; p = 0.046), reflecting the high percentage of patients who underwent concomitant femoral osteotomy and acetabuloplasty. The migration percentage improved by a median of 65% from baseline to 6 weeks postoperatively (p < 0.001) with no significant changes in migration percentage over the 2-year follow-up period (p = 0.22 to 0.99). The median migration percentage was 11% at the 2-year follow-up evaluation (Fig. 1) .
There was a significant decline in the CPCHILD total score from baseline to 6 weeks postoperatively (p < 0.001), followed by a steady increase over the ensuing 12 months after surgery (p < 0.001). There was no significant change in the CPCHILD total score after 12 months (p = 0.60). The average CPCHILD total score increased from 49.6 points at baseline to 58.9 points at 12 and 24 months postoperatively (mean (Fig. 2) . The CPCHILD scores increased significantly from baseline to 12 months after surgery in all domains except for communication and social interaction ( Fig. 2 and Table IV ) and increased significantly from baseline to 24 months after surgery in all domains except for activities of daily living, which declined by an average of 3 points from 12 months to 24 months. The greatest improvement was in the comfort and emotions domain, which increased an average of 11 points from baseline to 24 months (p < 0.001) after surgery.
The preoperative migration percentage was negatively correlated with the preoperative CPCHILD total score (r = 20.50; p = 0.002). This relationship continued throughout Change in CPCHILD total and domain scores over time. The symbols represent the mean CPCHILD total score at each time point and the I-bars represent the upper and lower 95% confidence intervals around each mean.
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T 20, 2016 the follow-up period such that, for each additional 1% correction in the migration percentage, the CPCHILD total score increased by 0.2 point (p < 0.001) (Fig. 3) . There was no correlation between the acetabular index and the CPCHILD total score before or after surgery (p = 0.09 to 0.71).
The preoperative CPCHILD total score differed significantly between the ‡50% and <50% migration-percentage groups, with a mean difference of 13 points (95% CI = 3.3 to 22.8 points; p = 0.01). However, after the hip surgery, the CPCHILD total score improved similarly for both groups (Fig. 4) . In the Relationship between baseline migration percentage and baseline CPCHILD total score. Change in CPCHILD total score over time according to migration-percentage (MP) group (<50% or ‡50%).
immediate postoperative period, there was no difference in the CPCHILD total scores between groups at either the 6-week (p = 0.12) or the 3-month (p = 0.31) follow-up visit. However, at 6 months, the <50% migration-percentage group had a significantly higher CPCHILD score (p = 0.02) than the ‡50% migration-percentage group. At 12 months (p = 0.13) and 24 months (p = 0.40), the migration-percentage groups did not differ significantly with regard to the CPCHILD total score. In the 24 patients who had a pelvic osteotomy, there was no correlation between the acetabular index and the CPCHILD total score at baseline or during the postoperative follow-up (p = 0.36 to 1.00).
The change in the CPCHILD total score was unaffected by patient age (p = 0.52), sex (p = 0.51), GMFCS level (p = 0.13), surgical procedure (p = 0.32), or number or type of comorbidities. The caregiver's sex and age also had no effect on the CPCHILD total score.
Discussion
O ur study results demonstrated that reconstructive hip surgery to improve hip stability in children with spastic hip dysplasia positively influences overall HRQOL. The inverse correlation between migration percentage and HRQOL validates the clinical assumption that children with greater hip displacement experience a decreased HRQOL because of limited mobility that complicates toileting, hygiene, transfers, and positioning. Following reconstructive hip surgery, hip stability and HRQOL improved and remained stable over the ensuing 24 months. No patients underwent revision surgery during the study period, demonstrating the short-term stability following reconstructive hip surgery in this population.
One of the main goals of reconstructive hip surgery in this population of children with cerebral palsy is to provide a pain-free stable hip that allows for seating, transfers, and other activities of daily living. We recognize that the ultimate goal of hip reconstructive surgery is to provide a stable hip into adulthood without requiring multiple surgical revisions. Our study is limited by its follow-up of 2 years, and measuring the longevity of the results of these reconstructive hip procedures is beyond the scope of this study. Further longitudinal study is necessary to record the longevity of the results of hip reconstructive procedures and measure the changes in HRQOL that occur during the follow-up period.
Previous work by Jung et al. demonstrated a negative association between migration percentage and HRQOL in a group of 34 children with GMFCS level-III, IV, or V cerebral palsy, with a decrease in the CPCHILD total score of 0.188 point per 1% increment of migration percentage 25 . However, Jung et al. did not evaluate the ability of reconstructive hip surgery to modify the relationship between migration percentage and HRQOL.
The need for and timing of surgical intervention for hip dysplasia in non-ambulatory children with cerebral palsy have been extensively debated. Herndon et al. performed a retrospective study of 32 children (48 hips) with severe cerebral palsy to determine the appropriate timing of surgery to correct subluxated or dislocated hips 17 . They found that the better the migration percentage of the hip preoperatively, the better the final long-term radiographic result, and therefore recommended early surgical intervention to prevent later dislocation and degenerative changes 17 . Dobson et al. similarly supported routine screening to detect hip instability and early surgical intervention to prevent late hip dislocation and more extensive salvage surgery, which were associated with poorer outcomes 27 . Noonan et al. took a different view 28 . They evaluated a cohort of 77 institutionalized adults with cerebral palsy to determine if spastic hip displacement with osteoarthritis was associated with hip pain and/or decreased function. They found no association among radiographic findings of osteoarthritis, hip subluxation, hip dislocation, and hip pain. Therefore, they recommended not performing prophylactic hip surgery and intervening only when a patient becomes symptomatic. Their findings, however, may have been inexact because their patients had multiple caregivers, whose ability to accurately assess pain and dysfunction was limited, and no standardized HRQOL measure was used.
Delaying surgery is supported by the findings of Schmale et al. 29 . Their retrospective study of reoperation rates and acetabular development in children £6 years of age with cerebral palsy who underwent only bilateral varus derotational osteotomy revealed that 74% of the patients required a reoperation at a mean of 5 years postoperatively. Because of limited evidence of acetabular remodeling, the authors recommended postponing reconstructive surgery until the child nears skeletal maturity.
The results of our prospective study, which addressed the limitations of earlier work, support the results of previous authors. Similar to Jung et al. 25 , we found that children with a preoperative migration percentage of ‡50% had a significantly lower preoperative CPCHILD score compared with children whose preoperative migration percentage was <50% (Table  III) . We also found that children with a preoperative migration percentage of <50% demonstrated higher postoperative CPCHILD scores than children with a preoperative migration percentage of ‡50%. These results echo those of Herndon et al. 17 , who found that patients with a better preoperative migration percentage had a better postoperative result. While the final CPCHILD scores in our study did not differ significantly between the 2 groups of children stratified by migration percentage, we believe that our study was slightly underpowered to answer this question concerning this outcome and that a significant difference might have been identified with a larger sample size.
The initial decline in CPCHILD total score at 6 weeks postoperatively followed by progressive improvements over the ensuing 2 years was anticipated due to postoperative immobilization, muscle spasms, and healing surgical incisions that make caregiving challenging initially following surgery. The CPCHILD domain scores improved in all areas except communication and social interaction, which is not surprising as these activities are relatively unaffected by reconstructive hip surgery.
The greatest improvement was noted in the comfort and emotions domain. This finding is supported by other researchers. It has been estimated that 25% to 89% of non-ambulatory children who have a dislocated or subluxated hip demonstrate hip pain 11, 13, 16, 30, 31 and retrospective studies have demonstrated improvements in pain following reconstructive surgery [17] [18] [19] [20] . Detection bias may have been a factor in these studies.
We did not find a correlation between acetabular deficiency and CPCHILD score before or after reconstructive hip surgery. Hägglund et al. noted that lateral displacement of the femoral head often occurred without radiographic evidence of acetabular dysplasia and that acetabular dysplasia was evident only at the later stages of hip lateralization 32 . It was uncommon for acetabular dysplasia to occur independently of hip lateralization. Therefore, the authors determined that the acetabular index was not the best predictive radiographic metric for screening for spastic hip instability. The acetabular deficiency is most often posterolateral in neuromuscular spastic hip displacement, which is less identifiable on supine frontal plane radiographs owing to the difficulties in accurately measuring the acetabular index. Spencer and Sait suggested that dynamic examination of the hip at the time of reconstructive hip surgery was most instrumental in defining the need for pelvic acetabuloplasty 33 . Although we initially hypothesized that GMFCS level, age, and comorbidities would be significant predictors of the migration percentage and the CPCHILD scores, we did not find significant correlations. However, the study was not powered to identify these interactions.
Although our study was prospective, it was performed at a single site and thus the results may not be applicable to all non-ambulatory children with cerebral palsy. Also, a control group of non-ambulatory children with cerebral palsy who had not undergone hip surgery was not available for comparison. In accordance with institutional standards, all at-risk patients were offered surgery, and few declined. Since the cognitive and communication impairments inherent in this population limited their ability to self-report, caregiver perceptions were measured with the CPCHILD questionnaire. As with all proxy measures, the reported scores may be overestimations or underestimations and not completely reflecting the child's HRQOL, especially if the caregivers had unrealistic expectations.
In conclusion, these data provide support for the association between migration percentage and HRQOL and the effectiveness of reconstructive hip surgery in improving the overall HRQOL of non-ambulatory children with severe cerebral palsy. Although additional research is needed, the migration percentage may be a radiographic proxy for functional limitations and pain associated with hip instability. We believe that these findings can be used by health-care providers to guide patient education, set realistic expectations, and increase family participation in surgical decision-making. In this era of health-care reform, orthopaedic surgeons are charged with demonstrating improvement in function after their surgical interventions. Reconstructive hip surgery for non-ambulatory children with cerebral palsy is costly, both financially and emotionally. The findings from this study provide evidence that reconstructive hip surgery for the treatment of spastic hip instability reliably improves HRQOL. n
